Kinesin and microtubule have been utilized for applications, such as molecular communication. In this paper, we describe a computer simulation which reproduced movements of microtubules gliding over kinesin-coated glass surfaces under external force. The simulation qualitatively reproduced experimental results of microtubule movements under external force. This simulation would enable understanding of details of the gliding movements of microtubules under external force.
INTRODUCTION
Biological molecular machines are attractive for nanotechnology, due to their small size and efficient conversion from chemical to mechanical energy. In particular, linear motor proteins, such as kinesin and myosin, have been utilized in synthetic environments for various applications [1] , such as molecular communications [2] [3] [4] . The most commonly used implementation of the linear motor proteins is modified gliding assay. Gliding assay is a biophysical tool to investigate properties of motor proteins, where cytoskeletal filaments are propelled by their associated motor proteins coated on substrates. In order to utilize the gliding assay for applications, such as molecular communications and biosensors, cytoskeletal filaments are modified to bind information molecules or cargo.
One of important problems in utilizing the modified gliding assay is how to control the gliding movements. Although use of microfabricated substrates enables guiding of gliding movements of the cytoskeletal filaments, the guiding is passive. That is, dynamic operations, such as sorting, cannot be achieved. Applications of external forces from fluid flow, electric field and magnetic field have been utilized to steer the gliding movements of cytoskeletal filaments, enabling the dynamic operation. However, applications of external forces required tuning of their strength. Applying a stronger force leads to better control of their gliding movements, but leads to more cytoskeletal filaments to be detached from the surface [5] .
Prediction of the optimal force density, defined as force acting on a segment of microtubules with the length of 1 m, is difficult, because details of detachments are not known, and cannot be easily elucidated through experiments and analytical models, due to lack of detailed information, such as how individual motor protein binds to the associated cytoskeletons. Such information is difficult to obtain through experiments. And, even if such information was available, the system, which consists of hundreds of motor proteins interacting with a cytoskeletal filament, would be hard to deal with analytically.
Computer simulations can provide such information and make predictions, complementing experimental and theoretical studies. We have previously developed a Monte-Carlo simulation which reproduced gliding movements of microtubules under external forces [6] . In this simulation, we assumed that microtubules follow their leading tips, and that the microtubules were not detached from the surface. Although these assumptions hold at low external force, the simulation cannot be applied at high external force. Namely, sidewise slipping and detachments of microtubules cannot be simulated. In order to simulate the sidewise slipping and detachments, microtubules and kinesins have to be explicitly modeled. We have recently developed a simulation which explicitly models cytoskeletal filaments and motor proteins [7] [8] . In this study, we extended the simulation to include applied forces, and investigated whether the extended simulation reproduced experimental results.
SIMULATION METHOD
The simulation method was based on our previous work [7] , and extended to include applied force to microtubules. In the following, we briefly summarize the simulation method. Microtubules were modeled as inextensible elastic rods with the flexural rigidity of 22.0 pN⋅m 2 . Time evolutions of conformations of the microtubules were computed with a Brownian dynamics simulation under constraints of fixed segment length. A uniform force field, corresponding to that from electric field, was applied to each segment of the microtubules. The strength of the force field will be described below. Kinesin motors were modeled as linear springs with the spring constant of 100 pN/m. Once bound, kinesin heads were assumed to move toward microtubule plus ends. Hence, microtubules were propelled with the heading of their minus ends.
Simulation results were visualized with ParaView (http://www.paraview.org/). Figure 1 shows a representative gliding movement of a microtubule. The surface density of kinesin was 10 m -2 . The applied force density was 1.25 pN/m. The gliding movement was smooth, and the microtubule followed its leading tip. The trajectory roughly followed an arc. The radius of the curvatures of the arcs decreased when increasing the force density. This simulation result shows qualitative agreement with experiments [9] [10]. When the force density was increased, the microtubules showed sidewise slipping and were eventually dissociated from the substrate. Figure 2 shows a representative gliding movement of a microtubule. The surface density of kinesin was 10 m -2 . The force density was 5.0 pN/m. The microtubule did not follow its leading tip. The gliding movement was not smooth and interrupted by sidewise slippings. After slipping sideways, the microtubule was dissociated. The sidewise slipping [9] and dissociation [5] due to external force have been observed in experiments. Our simulation showed qualitative agreements with them.
RESULTS AND DISCUSSION

SUMMARY
In this study, we have extended our previous work to include gliding movements of microtubules under external force. The simulation results were qualitatively in agreement with experimental ones.
However, further investigations are clearly needed. In particular, more realistic force fields are required for quantitative comparisons with experiments. Once such improvements have been done, this simulation would enable better understanding of details of the gliding movements of microtubules under external force.
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